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A dot-motion stimulus was employed in order to investigate the interaction between
luminance and chromatic signals in motion processing.Thresholds are determined by measuring
the minimum number of dots which need to move in a coherent fashion in a field of randomly
movingdots in order for the observers to be able to determine the direction of coherent motion.We
found that: (1) observers could not track an achromatic signal-dot which changes its luminance
polarity between frame transitions. The addition of a consistentchromatic signalallowedobservers
to track such a dot when the dot contained low- (8%) luminance contrast but this ability was
impaired as the luminance contrast was increased; (2) the addition of chromatic contrast to a dot
which contained consistent low-luminancecontrast could result in threshold elevation. For fixed
contrast chromatic and luminance signals,the presenceand degree of threshold elevationdepended
upon the spatiotemporal properties of the dot motion; (3)the abilityofob=rvers to extract a global-
motion signal carried by a group a







Motjon CO1OUI Luminance Global-motion ~ ~
I
role of chromatic signals in motion analysishas been
a topicof activedebate.While it was initiallythoughtthat
chromatic information did not contribute to motion
perception (Ramachandran & Gregory, 1978) more
recent studies have convincingly shown that the chro-
matic pathways are involved in motion perception
(Cavanagh & Anstis, 1991; Cavanagh et al., 1984;
Cavanagh & Favreau, 1985; Derrington & Badcock,
1985; Mullen & Baker, 1985).
Having establishedthat the motion pathway is capable
of using both luminance and chromatic signals, the next
step is to determine how these signals interact. The
presentpaper addressestwo aspectsof this issue.The first
is to determine whether the directionally selective cells
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that are sensitiveto chromaticsignalsare solely sensitive
to colour or whether they are jointly sensitive to colour
and luminance signals. The second issue is to determine
whether colourcan be used by the motion systemwhen it
compares and integrates local-motion signals. That is,
can colour be used to group local-motion signals in a
similar way that it can be used in perceptual grouping
tasks, for example the well known “pop out” phenomena
(Treisman, 1988).
Independenceof chromatic-motionprocessing
A number of studies have addressed the issue of the
degree of independence in the processing of chromatic
and luminance signals by the motion system. The
experimental techniques employed have included the
induction and nulling of motion aftereffects (MAE,
Cavanagh & Favreau, 1985; Derrington & Badcock,
1985), motion nulling (Cavanagh & Anstis, 1991;
Chichilnisky et al., 1993), perception of plaid motion
(Cropperet al., 1994;Krauskopf& Farell, 1990)and the
establishment of luminance and chromatic detection
thresholds (Cole et al., 1993; Metha et al., 1994;
Stromeyer et al., 1995).
The plaid and detection-thresholdstudies support the
notion of independent luminance and chromatic signal
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processing.A plaid is a motionstimuluscomposedof two
moving gratings at different orientations. The plaid
stimuluscan be perceived in one of two ways. Observers
can perceive either the transparent motion of the
component sinewave gratings (component motion) or
coherentmotion of the combinedplaid [patternmotion—
Adelson & Movshon (1982)]. Krauskopf and Farell
(1990) and Cropper et al. (1994) found that when one of
the components was defined purely by luminance
modulation and the other purely by chromatic modula-
tion, only transparent motion was ever perceived.
Krauskopf and Farell (1990) interpret such a finding as
indicating that the chromatic and luminance signals are
processed independently. A similar lack of interaction
between chromatic and luminance signals has also been
found in studiesthat have investigatedtheir interactionin
establishing detection and/or direction-discrimination
contrast thresholds for a moving gabor (Cole et al.,
1993; Metha et al., 1994;Stromeyer et al., 1995).
While the above studies support the notion of
independent processing of chromatic and luminance
signals in motion perception, studies that have investi-
gated the interactionof chromatic and luminancesignals
in motion-aftereffect (MAE) induction and nulling, and
in motion nulling support the notion of either non-
independent chromatic and luminance processing or
some form of interaction between them. Adapting to a
moving isoluminant-chromaticgrating,inducesa MAE in
a luminance test grating and vice versa (Cavanagh &
Favreau, 1985;Derrington & Badcock, 1985).A similar
cross effect is found in motion-nullingexperiments.As
employedby Cavanagh and Anstis (1991) this technique
consisted of opposing a drifting-isoluminantchromatic
grating (red–green or blue–yellow) of fixed chromatic
contrast with an achromatic grating of variable contrast.
The luminance contrast of the achromatic grating was
altered by the observer so that no net motion was
observed. Cavanagh and Anstis found that both red–
green and blue–yellow gratings could be nulled by a
luminancegrating.For the red–greengrating the required
nulling-luminancecontrast was about 10%. They argue
that this finding not only demonstrates that chromatic
signals provide a significant contribution to motion
perception, but also that the chromatic and luminance
signals are processed by a common motion pathway [see
also Chichilnisky et al. (1993); Derrington & Badcock
(1985)].
A number of authors have investigated the indepen-
dence of chromatic and luminance signals in motion
processing by pitting the two signals against each other
within the same stimulus. This approach of having all
stimuli contain both chromatic and luminance contrasts
has the advantageof avoidingthe requirementto generate
“isoluminant” stimuli. For moving spatially extended
stimuli, achieving isoluminancecan in practice be very
difficult (if not impossible)due to the problems of cone
adaptation, chromatic aberration (Cavanagh & Anstis,
1991; Charman & Jennings, 1976; Flitcroft, 1989;
Gilmartin & Hogan, 1985; Howarth & Bradley, 1986;
Thiboset al., 1990)and variation in L-to-M cone ratio as
a function of eccentricity (Livingstone& Hubel, 1987).
Morgan and Cleary (1992) and Morgan and Ingle
(1994) investigated the effect on D~aX thresholds of
adding consistentchromatic informationto the elements
making up a random-dot kinematogram when the
luminance polarity of these elements was reversed
between motion frames. We will call this condition
“chromatic noise-in-luminance”. D~aX is the greatest
spatial-step size for which direction of motion can be
discriminated (Braddick, 1974). They found that when
observers viewed a random-dotkinematogram from the
minimum viewing distance used (largest stimulus–
element size) motion thresholds for the chromatic
noise-in-luminancecondition were the same as the no-
noise condition. However, thresholds for the chromatic
noise-in-luminance condition were impaired when
viewed from the maximum viewing distance; that is
when the sizeof the elementsmakingup the stimuluswas
the smallest. The luminance contrast used by them was
41% (Michelson). Morgan and Cleary (1992) and
Morgan and Ingle (1994) interpret these findings as
indicating that the motion system receives input from a
pathwaywhich is sensitiveto chromaticcontrast,that this
pathway is predominantly sensitive to low spatial-
frequencies and that information across colour and
luminance is combined.
The findingby Morganand Ingle (1994)that consistent
chromatic information could dominate mismatched
luminanceinformationeven when the luminancecontrast
was 4190would also seem to indicate that the chromatic
input to the motion systemis particularlystrong—and/or
that the chromatic and luminance signals are processed
independently.A similar resultwas obtained in the study
by Papathomaset al. (1991). In their study the stimulus
consistedof a series of horizontallyalignedsquares,with
a constant spatial period between the squares. In each
frame of motion,the squareswere displacedby a distance
equal to half the spatial period, so that the direction of
motion was ambiguous.They found that the addition of
colour could disambiguate the direction of motion. The
procedureinvolvedassigningeach dot a particularcolour
(red, green or blue) and then systematically displacing
these colours. Motion was seen in the direction in which
the coloured dots were displaced, even when luminance
informationsignaled the opposite direction of motion.
However, a drawback with these studies (Morgan &
Cleary, 1992;Morgan & Ingle, 1994;Papathomaset al.,
1991) is that it is not clear that performance was being
mediated by the low-level motion system, as opposed to
an attention-based motion system (Cavanagh, 1992).
That is observersmay have been able to attentivelytrack
the displaced coloured regions in the stimulus. Such an
explanationof the results is supportedby the fact that in
the Morgan and Ingle (1994) study, motion extraction in
the chromatic noise-in-luminancecondition could only
be performed when the stimulus was viewed from the
shortest viewing distance—that is contained relatively
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coarse stimulus features where attentive tracking would
be easiest.
In this study we will use the chromatic noise-in-
luminance approach with a stimulus for which the
attention-based system cannot mediate performance.
That stimulus is the global-motion stimulus (Williams
& Sekuler, 1984;Newsome & Pare, 1988).This stimulus
consistsof a random-dotpattern in which only a few dots
carry a common signal in the global-motion direction.
The remainingdots move in randomdirectionsto provide
a simultaneous noise signal. The threshold measure for
this stimulus is the minimum number of signal dots
required to correctly determine the global-motiondirec-
tion. The direction in which each dot moves is randomly
assignedat the start of each frame in the motionsequence
so differentgroupsof dots carry the global-motionsignal
over the successive frames of motion. The attention-
based motion system has a limit to the number of stimuli
it can simultaneouslytrack. This limit is in the order of
six independently moving objects (Pylyshyn & Storm,
1988).By using a global-motionstimuluswhich contains
substantially more dots than this limit (100), we can
ensure that performance is most unlikely to be mediated
by the attention-basedmotion system.
E I C
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We have previouslyshown that achromatic-signaldots
that change their contrast polarity do not provide an
effective cue to the global-motion system (Edwards &
Badcock, 1994). The present experiment investigates
whether adding consistent-chromaticinformationto such
dots will allow them to be tracked by the global-motion
system. That is, a given dot will change its luminance-
contrastpolarity but retain its colour; chromaticnoise-in-
luminance.
Given the apparent sensitivityof the motion system to
chromatic information (e.g. Cavanagh & Anstis, 1991)
there are two possibleways that noise in luminancemay
affect global-motion perception. If the chromatic and
luminance signals are processed independently,then the
addition of noise in luminance should not affect the
ability to extract the global-motion signal in the colour
domain.However, if the motionunits that are sensitiveto
chromatic information are also sensitive to luminance
information (Ingling & Martinez-Uriegas, 1985) then
varying the magnitude of the noise in the luminance
domain should affect the ability to use the chromatic
signal. In such a situation, the effect that the noise in
luminance has on motion thresholdswould depend upon
both the relative sensitivitiesof the motion units to the
chromatic and luminance signals and the particular
chromatic and luminance contrasts used in the stimulus.
Method
Observers. Two observers were used, one of the
authors(ME) and an observerwho was naivewith respect
to the aims of the experiment (SN). The colour vision of
both observers was assessed by the Ishihara colour test
(Ishihara,1954)and found to be normal.Both had normal
(ME) or corrected to normal (SN) acuity.
Stimuli. An eight frame global-motion sequence was
used. The duration of each frame was 50 msec, with no
inter-frame interval, giving a total stimulus duration of
400 msec. The spatial step size was 0.3 deg, which
resulted in a stimulusspeed of 6 deg/sec.This speed is in
the optimumfor MT cells (Britten et al., 1993;Maunsell
& Van Essen, 1983). Dot diameter range was 0.2 deg.
The viewing aperture was a 12 deg diameter circle and
100 dots were presented in each frame, resulting in a
density 0.88 dots/deg2.This combination of dot density
and spatial-stepsize resulted in a low probabilityof false
motion signals occurring (Williams & Sekuler, 1984).
The global-motion signal strength was kept constant
throughout the eight frame sequence but the actual dots
which carried the signal were randomly chosen at each
frame transition. Similarly the direction in which each
noise dot moved was assigned at the start of each frame
transitionfrom a uniform distributioncovering the entire
360 deg, excluding the global-motiondirection.
Three stimulus conditions were used. All conditions
contained 50 light-green (LG) and 50 dark-green (DG)
dots. Condition (i) comprised the noise-in-luminance
condition,in that the signaldotschangedfrom lightgreen
to dark green during each frame transition. To keep the
number of light and dark dots the same over the eight
frames of motion, an equal number of dark-green noise
dots were changed to light green. Condition (ii) was a
control condition, in which the luminance and chromatic
propertiesof the signal dots remained unchanged during
the motion sequence—the signal dots remained light
green. A red background was used; CIE co-ordinates
0.61x, 0.35y, measured luminance of 14.0cd/m2, and
thoseof the green dotswere 0.28x,0.62y.Five luminance
contrasts were used: 8, 15, 20, 30 and 4090.The final
conditionwas an achromatic noise-in-luminancecontrol
condition. That is the signal dots went from positive to
negative luminance polarity, but the dots contained no
chromatic contrast; green dots on a green background.
All dots contained 8% luminance contrast and based
upon our previous study (Edwards & Badcock, 1994) it
was expected that it would not be possible to extract the
global-motionsignal in this condition.
A crucial step in this experiment is to ensure that the
luminance of the light and dark dots are actually either
side of the backgroundluminance.This was achievedby
establishing, for each observer, the luminance of the
green dots that was isoluminantwith the red background
by use of heterochromaticminimum-flickerphotometry
(Wyszecki& Stiles, 1982).A 2 deg squarestimulusand a
flicker rate of 15 Hz were used. Luminance contrasts
fromthisvaluewere then calculatedby use of photometer
values.
Apparatus. The stimuli were displayed on a Sony
TrinitronGDM-20SE1colourmonitor,which was driven
by the framestore section of a Cambridge Research
SystemsVSG 2/3 (providing8 bit luminance resolution)
in a host Pentium computer. Observer responses were
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FIGURE 1. Motion thresholds(numberof signal dots) are plotted as a
function of the luminance contrast of the dots for the three conditions
used in Experiment 1. Thresholdsfor the control condition, in which
the global-motion signal was carried by light green dots that
maintained their luminance polarity (LG -+ LG) are low and are
substantiallyunaffected by increasing luminance contrast. Thresholds
for the chromatic noise-in-luminance condition, in which the
luminance polarity of the signal dots was reversed on each frame
transition (LG + DG) are comparable with those for the control
condition at 870 luminance contrast but increase with increasing
Iuminancecontrast. Thresholdsfor the achromaticnoise-in-luminance
condition, in which the green dots were presented upon a green
background (as opposed to the red backgroundused in the first two
conditions) are high. These results suggest that the motion system
receives a strong chromatic input and that the motion-selectivecells
that are sensitive to chromatic signals are also sensitive to luminance
signals.
recorded using a button box. The display had a refresh
rate of 100 Hz, and was calibrated using an Optical
photometer. Chromatic measurement was performed
with a Topcon BM-5A Luminance Calorimeter.
Procedure. A single-interval two-alternative forced-
choice procedure was used. The direction of motion of
the stimulusfor a given trial was randomizedto be either
up or down. Thresholds were established using a
modified staircase procedure that converged on the
79% comect performance level (Badcock & Smith,
1989).Eight reversalswere collected, with the threshold
being taken as the mean of the last six reversal points.
The staircasestarted at a signal strengthof 50 dots (i.e. 50
dots moving in the global-motiondirection). The initial
step sizewas eightdots,but thiswas reducedafter each of
the first three reversals, resulting in a step size of one dot
for the last six reversals. Each threshold reported
represents the mean of ten staircases.
Observers sat in a dark room, 0.71 m from the screen,
with their head supported by a chin rest. Viewing was
binocular, and no feedback concerning the accuracy of
the responsewas given.
Results and discussion
The results for the two observers are shown in Fig. 1.
The pattern of results is the same for both observers.
Thresholdsfor the controlcondition(LG to LG on the red
background) are low and show minimal variation with
increasing luminance contrast, while thresholds for the
chromatic noise-in-luminancecondition (LG to DG on
the red background)are about the same as those for the
control condition at low contrasts but increase signifi-
cantly as the luminancecontrast is increased.Thresholds
for the achromatic noise-in-luminance condition are
either 50 (the maximum possible signal strength) or
close to it, which indicates that observers could not
perform the task.
The inability of the observers to extract the global-
motion signal in the achromatic noise-in-luminance
condition is consistentwith our earlier finding(Edwards
& Badcock, 1994). The ability of the observers to
overcome low-contrast luminance reversal when chro-
matic contrast was added”to the stimulus is consistent
with earlierfindingsof a strongchromaticinput to motion
perception (Cavanagh & Anstis, 1991; Cavanagh et al.,
1984; Cavanagh & Favreau, 1985; Derrington & Bad-
cock, 1985). There are two possible explanations to
account for the fact that the performance of both
observerswas unaffected by the luminance noise in this
condition.The first is that performancewas mediated by
cells that are sensitiveonly to chromaticinformation,and
the second is that performancewas mediatedby cells that
are sensitive to both luminance and chromatic contrast;
and which are more sensitive to the chromatic informa-
tion than the (8%) luminance contrast. The first
possibility is ruled out by the marked elevation in
thresholdswhen luminance contrast was increased. The
response of cells that are insensitive to luminance
contrast, should, by definition, be unaffected by varia-
tions in luminance contrast. That is thresholds for the
chromaticnoise-in-luminanceconditionsat all luminance
contrasts should be the same. The response of cells that
are jointly sensitive to both chromatic and luminance
signals should depend upon the relative chromatic and
luminance contrasts in the stimulus. Specifically, since
the global-motionsystemcannot track a dot that changes
its luminance polarity under the conditions used in the
present experiment, as the luminance contrast is in-
creased in the chromatic noise-in-luminance condition
performance should become degraded. That such a
situation occurs supports the dual sensitivitymodel.
The present results indicate that the motion-selective
cells that are sensitive to chromatic contrast are also
sensitive to luminance contrast. Such a finding is
consistent with that which has been found for the
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speed of the grating (Cavanagh et al., 1984; Henning &
Derrington, 1994; Mullen & Boulton, 1992) and also
makes the grating less effective in generatingand nulling
MAEs (Cavanagh & Favreau, 1985).
Method
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FIGURE2. Motion thresholdsas a function of motion-frameduration
for three different dot conditions; achromatic, red and green. All
conditions contained the same photometric contrast of 4~0. For a
number of spatiotemporal conditions, the addition of the chromatic
signal to the low-luminancecontrast results in higher thresholds than
for the purely achromaticcondition.Both observersexhibit significant
maskingfor the red and greenconditionsfor frame durationsof 8.3and
24.9 msec, and also for a duration of 49.8 for the red condition.
Observer ME also exhibits significantmaskingfor the green condition
at a duration of 49.8 msec.
perception of stereopsis (Stuart et al., 1992). Note,
however, that the present results do not dispute the
existence of motion-selective cells that are purely
sensitiveto luminancecontrast.The presentexperimental
method also provides a means to establish the relative
luminanceand chromaticsensitivitiesof the “chromatic”
motion cells. However, since we are limited to 8 bit
colour resolutionby our hardware, precise quantification
of the relative sensitivitieswas not possible.
E I C
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The resultsof Experiment 1 support the notion that the
motion-selective cells that are sensitive to chromatic
contrast are also sensitiveto luminancecontrast.The next
question addressed is how chromatic and luminance
signalsinteract in global-motionprocessing.A numberof
previous studies have addressed the issue of chromatic
and luminance interaction with different motion tasks.
These studies found that a form of negative interaction
can occur. For example, adding chromatic contrast to a
low-luminance contrast grating reduces the perceived
authors (ME) and an observer (TP) who was naive with
respect to the aims of this research. Both had normal
colour vision, as measured by both the Ishihara Test
(Ishihara, 1954) and the Farnsworth-Munsell 100-hue
Test (Farnsworth, 1943). They also had normal acuity
and no history of visual disorders.
Stimuli.In line with earlier studies (Cavanagh &
Favreau, 1985; Cavanagh et al., 1984; Henning &
Derrington, 1994; Mullen & Boulton, 1992) a low-
(4%) luminancecontrastwas used. Since the aim of this
experiment was to determine the effect of adding
chromatic contrast to a fixed (subsaturation)luminance
contraststimulus,the chromaticconditionmaintainedthe
luminance contrast at 4% while adding a chromatic
contrast to it. Two dot colours were used, red—CIE co-
ordinates of 0.45x, 0.45y—andgreen41.30x, 0.58y and
their lbminance was 17.1 cd/m2.The background lumi-
nancewas 15.6 cd/m2,and CIE co-ordinates0.29x,0.31Y.
Since a number of studies have indicated that the
temporal response rates of the chromatic and luminance
pathways and the three cone types differ (Bowen, 1981;
Cropper& Badcock, 1994;Derrington& Henning, 1993;
Gorea et al., 1993; Hammer & Tyler, 1992; Mullen &
Boultcm,1992;Rasmjou& Hoffmann, 1994;Ueno et al.,
1985) the interactionbetween chromatic and luminance
signalswas investigatedfor a numberof frame durations.
The durationof the dots in each frame in the eight frame
sequence was necessarily restricted to being an integer
number of monitor refreshes. The refresh rate of the
monitor was 120 Hz, so our temporal step size was
8.3 msec. The duration range used was 8.3–74.7msec.
Observer TP was only tested on durations of 8.3, 16.6,
24.9, 41.5 and 74.7 msec with the green stimuli. The
spatial step size used was 0.3 deg for durations of
24.9 msec or more, 0.18 deg for the 16.6msec condition
and 0.1 deg for the 8.3 msec duration condition.
Apparatus.The apparatusused was similar to that used
in Experiment1; a Barco CDCT6551colour monitorand
a CambridgeResearch SystemsVSG 2/1 in a host 80386
computer. The display was calibrated using a Tektronix
J16 photometerwith a J181Ochromaticityhead.
Results and discussion
The results for the two observers are shown in Fig. 2.
The general pattern is the same for both observers.
Thresltolds for the combined chromatic and luminance
conditions(red and green) are, dependingupon the frame
durationand spatialstep size, either the same as or higher
than the thresholds for the achromatic condition. These
results indicate that interaction between the chromatic
and luminancesignalscan occur and that when it does it
is always negative, a form of masking. Additionally,
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FIGURE3. Motion thresholdsfor the conditionsused in Experiment3
w g ls c a s
dots. Four conditions were used. The first two conditions contained
only red dots, 50 (50 R) and 100 (100 R) dots. In the other two
conditions,50 additional-noisedots of a differentcolourwere addedto
50 red dots. Two different colours were used; green (R+ G) and
achromatic (R + A). For both observers thresholds for the combined
dot conditions (R+ G and R + A) were equal to the 100 red dots
condition.These results indicate that the global-motionsystem cannot
use colour to partition dots into distinct groups in order to extract a
global-motionsignal.
occurrence of masking depends upon the spatial and
temporal properties of the stimulus. It is not clear if this
masking is due to active interference between the
chromatic and luminance signals or to a variation in the
effective isoluminance point of the red and green dots
with the change in the spatial and temporal propertiesof
the stimulus.
E A G
This experiment investigates whether colour can be
used by the global-motion system, as a cue in the
groupingof the various local-motionsignals, in a similar
manner to which it is used in perceptual grouping tasks,
for example the well known “pop out” phenomenon
(Treisman, 1988).That such a situation maybe possible
is suggestedby the study of Croner and Albright (1994).
Croner and Albright (1994) used the global-motion
stimulus in one of two conditions. In the first condition
both the noise and signaldots were bright green, while in
the other condition the noise dots were bright green and
the signal dots were bright red. In both conditionsa grey
backgroundwas used. Note that the dots in their stimulus
contained both chromatic and luminance information.
They found that when the signal dots were a different
colour to the noise dots (bright red vs bright green)
motion thresholdswere lower than when the signal and
noise dots were the same colour (bright green). That is
observers appeared to be able to segment the red and
green dots, even though the dots had the same luminance
contrast.
However, it is possible that performance in their task
was actually mediated by the attention-based motion
system (Cavanagh, 1992). Since the signal dots were a
unique colour, in relation to the noise dots, it may have
been possible for the observers to identify and track the
signal dots in order to determine the global-motion
direction.The techniquewe use in the presentexperiment
is similar to that used by Croner and Albright, however,
we are confidentthat it allowsus to tap the global-motion
system. We have previously used this procedure to
investigate the interaction of the On and Off pathways
(Edwards & Badcock, 1994) and the first- and second-
order pathways (Edwards & Badcock, 1995) in global-
motionperceptionand it is based upon the findingthat as
dot density is increased (thus increasing the number of
local-motion signals) the number of signal dots that an
observer needs in order to be able to determine the
global-motiondirectionalso increases.The experimental
procedureconsistsof determiningwhether addingdots of
one type elevates motion thresholdsfor the extraction of
global-motionsignals carried by dots of another type.
Method
Observers. Two observers were used, one of the
authors(ME) and an observerwho was naivewith respect
to the aims of the experiment(SM). The colour vision of
both observers was assessed by the Ishihara colour test
(1954)and found to be normal. Both had normal (ME) or
corrected to normal (SM) acuity.
Stimuli.The interactionbetween red (R), green (G) and
achromatic (A) dots was investigated by using four
conditions.Condition:(i) 50 R dots; (ii) 100 R dots; (iii)
50 R dotsand 50 G dots; and (iv)50 R dotsand 50 A dots.
In Conditions(iii) and (iv), the global-motionsignalwas
only ever carried by a subset of the red dots, the second
group of dots were always noise dots.
A grey background was used, CIE co-ordinates of
0.29x,0.31y,and a luminanceof 12.6 cd/m2.The CIE co-
ordinatesof the “red” dotswere 0.30x,0.27yand thoseof
the “green” dots were 0.21x, 0.32y. An 8% luminance
contrastwas used.
Results and discussion
The results for the two observers are shown in Fig. 3.
The pattern of results is the same for both observers,with
thresholds for the mixed dot conditions (50 R +50 G,
50+ 50A) being equal to the 100 R dots condition, and
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these thresholds being higher than the 50 R dots
condition. The present findings indicate that when the
stimuli have similar luminance contrasts, observers
cannot use differences in colour to segment the dots into
different groups in order to extract a global-motion
signal. Such a finding would appear to be inconsistent
with that of Croner and Albright (1994).However, in the
CronerandAlbright studythe signaldotswere one colour
and all of the noise dots were a different colour,whereas
in the present study the signal dots did not have a unique
colour to differentiate them from all of the noise dots.
Only the additional50 noise dots were a unique colour.
The results of the study by Croner and Albrightmay thus
indicate that the attention-based motion system (Cava-
nagh, 1992) is able to identify the common direction of
motion signaled by dots that are defined by a unique
colour.
D
The results of the present study show that: chromatic
information can overcome a mismatch in luminance
informationat low (8!%)luminancecontrast,but that this
ability is impaired at higher luminance contrasts;
negative interaction can occur between luminance and
chromatic signals in global-motionprocessing, and that
the presenceof thisnegativeinteractiondependsupon the
spatial and temporal properties of the stimulus; and that
the global-motionsystem cannot use chromatic informa-
tion to partition dots into subgroups,when all of the dots
contain the same luminance contrast and the signal dots
and some noise dots are the same colour. These findings
support the notion that the global-motionsystemreceives
strongchromaticinput and that the cells that are sensitive
to chromatic contrast are also sensitive to luminance
contrast.
Comparisonwith earlier studies
The present findingthat the motion selectivecells that
are sensitive to chromatic contrast are also sensitive to
luminance contrast is compatiblewith those studies that
have found an interactionbetween colour and luminance
in the generation and nulling of MAEs (Cavanagh &
Favreau, 1985) motion nulling (Cavanagh & Anstis,
1991; Chichilniskyet al., 1993) and in the perception of
the speed of moving gratings (Cavanagh et al., 1984).
However, this finding appears to be at odds with those
studiesthat have found independencebetween chromatic
and luminance signals in motion processing.
Both Krauskopf and Farell (1990) and Cropper et al.
(1994) have found that when one of the sinewave
componentsof a plaid is modulated along the luminance
axis and the other is modulated along one of the
chromatic axes, motion coherence is not observed.
Transparent motion of the two sinewave components is
always seen. Krauskopf and Farell (1990) interpret this
findingas indicatingthat at the level in the motionsystem
where the perception of plaid motion occurs, separate
chromatic and luminance motion pathways exist. The
processing of plaid motion has been linked to the same
cortical region as that which has been linked to the
processing of global-motion signals—area V5 [also
called area MT; Gizzi et al. (1983); Movshon et al.
(1985); Rodman & Albright (1989)]. There are two
possiblereasons to accountfor the apparentdifference in
the present findingsfor global-motion and those for the
earlier plaid studies.The firstpossibilityis that plaid and
global-motionsignalsare processedby distinctregionsin
V5 and that luminance and chromatic signals interact
differently in these distinct regions. While the findingof
the non-homogeneous nature of V5 makes such a
possibility feasible (Born & Tootell, 1992; Krubitzer &
Kaas, 1990;Tootell& Born, 1990)there is no evidenceto
support such a view.
The second, and more plausible possibility is that the
underlying assumption of Krauskopf and Farell (1990)
needs to be re-examined. That is the failure to perceive
motion coherence may not indicate that the two
component sinewaves are processed by distinct motion
pathways.Supportfor this notioncomes from the finding
that if the two component sinewaves have the same
spatial frequency,are both luminancedefined,and move
at the same speed but have different luminancecontrasts,
then componentmotion, and not motion coherence, will
be perceived (Adelson & Movshon, 1982). To account
for this finding within the Krauskopf and Farell (1990)
framework,it would have to be argued that when the two
sinewaves have the same luminance contrast, they are
processed by local-motion units that interact (i.e.
processed within the same “pathway”). However, when
the contrastof one of the sinewavesis increased, they are
then processedby local-motionunits that do not interact
(separate pathways). Such a possibility seems unlikely
[see also Wilson (1994); Stoner & Albright (1994)].
Further support for the notion that the underlying
assumption in the plaid studies is incorrect comes from
considering the level in the motion system that the
present results are tapping. Global-motionextraction is a
high-levelmotiontask since it requiresthe comparisonof
the outputs of local-motion detectors, and as such has
been linked to V5 (Newsome & Pare, 1988; Salzman,
Britten & Newsome, 1990).However, in order to be able
to extract a global-motionsignal it is firstnecessaryto be
able to extract the Iocal-motionsignals,so that the resuIts
for the chromatic noise-in-luminance condition in
Experiment 1 should also reflect how colour and
luminance interact at the local-motion stage. That is,
even at the local-motion(Vi) level, the motion cells that
are sensitive to chromatic contrast should also be
sensitive to luminance contrast. Local-motion extraction
within independent chromatic and luminance channels
and masking at the subsequent global-motion stage is
highly unlikely since in the chromatic noise-in-lumi-
nance condition at high luminance contrast, no clear
perceptof the local-motionof the dotscould be achieved.
The percept was of a flickering stimulus, similar to that
produced in the achromatic noise-in-luminance condi-
tion.
If such dual sensitivity does exist at the local-motion
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level, then how can the resultsof the previousstudiesthat
have shown independence between the chromatic and
luminance signals in the detection of moving gabors be
accounted for? (e.g. Metha et al., 1994;Stromeyeret al.,
1995). For example, the study by Metha et al. (1994)
investigated the interaction of chromatic (L – M) and
luminance (L+ M) signals in the detection and discrimi-
nation of motion of a moving gabor and found that the
two signals did not interact. One possibility is that this
finding reflects not the independence of the chromatic
and luminance processing, as such, but the different
spatial frequency tuning propertiesof the chromaticcells
to luminance and chromatic stimuli.
Cells with no chromatic opponency in their receptive
fields will, by definition, not be sensitive to chromatic
contrast and hence would not be involved in the
extraction of the chromatically defined motion. The
receptive fields of some cells have both chromatic and
luminance opponency. However, the spatial frequency
tuningcharacteristicsto chromaticand luminancestimuli
for these cells are different. Specifically they have low
pass sensitivity to chromatic stimuli and bandpass to
luminance stimuli* (Ingling & Martinez-Uriegas, 1985;
Lennie & D’Zmura, 1988). This means that for stimuli
that have a restricted spatial frequency content, like the
gabors used in the Metha et al. study, the cells that are
maximally sensitiveto the luminance definedgabor may
be largely insensitive to the threshold level chromatic
modulation at the same spatial frequency. Such a
situation will occur if the peak sensitivities of the low
pass and bandpass are at sufficiently different spatial
frequencies. Similarly, the cells that are maximally
sensitive to the chromatically defined gabor may be
largely insensitive to luminance modulation at the same
spatial frequency. Consequently, such a study would
provide results compatible with the notion of the
independent processing of chromatic and luminance
signals. However, the use of spatially broad-band dots
with suprathreshold luminance and chromatic contrasts
may have allowed the dual chromatic and luminance
sensitivities of the chromatically sensitive cells to be
observed.
R
Adelson, E. H. & Movshon,J. A. (1982). Phenomenalcoherence of
movingvisual patterns. N 3 5
Badcock,D. R. & Smith,D. (1989).Uniformfieldflicker:Maskingand
facilitation. V R 8
Born, R. T. & Tootell, R. B. H. (1992).Segregationof globaland local
motion processing in primate middle temporal area. N 357,
497-499.
Bowen, R. W. (1981). Latencies for chromatic and achromaticvisual
mechanisms. V R 1
*It is possible to combine the outputs of the chromatically opponent
cells in such a manner so as to generate responses that are
independent of luminance signals (DeValois & DeValois, 1993).
However, the results of the chromatic noise-in-luminancecondi-
tions in Experiment 1 suggest that such processingdoes not occur
prior to motion extraction.
Braddick,O. (1974).A short-rangeprocess in apparentmotion. V
R 5
B K S N & M
( R n m s m
s V N 1
Cavanagh,P. (1992).Attention-basedmotionperception.Science,257,
1563–1565.
Cavanagh, P. & Anstis, S. M. (1991). The contribution of color to
motionin normalandcolor deficientobservers.V R
2
Cavanagh, P. & Favreau, O. E. (1985). Color and motion share a
commonmotion pathway. V R 1
Cavanagh, P., Tyler, C. W. & Favreau, O. E. (1984). Perceived
velocity of moving chromatic gratings. J O
S A 8
Charman,W. N. & Jennings,J. A. (1976).Objectivemeasurementsof
the Longitudinalchromatic aberration of the human eye. V
R 1 9
Chichilnisky, E., Heeger, D. & Wandell, B. A. (1993). Functional
segregation of color and motion perception examined in motion
nulling. V R 2
Cole, G. R., Hine, T. & McIhagga,W. (1993).Detection mechanisms
in L-, M- and S-cone contrast space.J O S
A 3
Croner, L. J. & Albright, T. D. (1994). Segmentation by colour
improves performance on a motion discrimination task. I
t O V S 1 1
Cropper, S. J. & Badcock,D. R. (1994).Discriminatingsmoothfrom
sampled motion: Chromatic and hrminancestimuli. J
O S A 5
Cropper, S. J., Badcock, D. R. & Mullen, K. T. (1994). Motion
coherence across different chromatic axes. I O
m V S 1
Derrington, A. M. & Badcock, D. R. (1985). The low level motion
system has both chromatic and luminance inputs. V R
1
Derrington, A. M. & Henning, G. B. (1993). Detecting and
discriminating the direction of motion of luminance andcolour
gratings. V R 7
DeValois,R. L. & DeValois,K. K. (1993).A multi-stagecolor model.
V R 1
Edwards, M. & Badcock, D. R. (1994). Global motion perception:
Interactionof the On and Off pathways.V R 2
2
Edwards,M. & Bridcock,D. R. (1995).Global motionperception:No
interaction between the first- and second-order motion pathways.
V R 2
Farnsworth,D. (1943).Farnsworth-Munsell100-hueand dichotomous
test for colour vision.J O S A
3
Flitcroft, D. 1.(1989).The interactionsbetween chromatic aberration,
defocus and stimulus chromaticity: Implicationsfor visual physiol-
ogyand calorimetry. V R 3
Gilmartin, B. & Hogan, R. E. (1985). The magnitudeof longitudinal
chromatic aberration of the human eye between 458 and 633 nm.
V R 1
Gizxi, M. S., Newsome,W. T. & Movshon,J. A. (1983). Directional
selectivityof neuronsin macaque MT.I O
V S S 1
Gorea,A., Papathomas,T. V. & Kovacs, I. (1993).Motionperception
with spatiotemporallymatched chromatic and achromatic informa-
tion reveals a “slow” and a “fast” motionsystem. V R
3
Hammer, R. D. & Tyler, C. W. (1992).Analysis of visual modulation
sensitivity. V. Faster visual response for G- than for R- cone
pathway? Journal of the Optical Society of America, ~ 9, 1889-
1904.
Henning,G. B. & Derrington,A. M. (1994).Speed, spatial-frequency,
and temporal-frequency comparisons in luminance and colour
gratings. V R 2
Howarth, P. A. & Bradley, A. (1986). The longitudinal chromatic
GLOBAL-MOTIONPERCEPTION 2431
aberration of the human eye, and its correction. V R
2 3
Ingling, C. R. & Martinez-Uriegas, E. (1985). The spatiotemporal
properties of the r–g X-cell channel. V R 3
Ishihara, S. (1954). Tests c o(llth Edn). Tokyo:
Kanehara Shuppan.
Krauskopf,J. & Farell, B. (1990).Influenceof colouron the perception
of coherent motion.N 3 3
Kmbitzer, L. & Kaas, J. (1990). Convergenceof processingchannels
in the extrastriate cortex of monkeys. V N 6
6
L & D ( M c v
C R N e3
Livingstone, M. S. & Hubel, D. H. (1987). Psychophysicalevidence
for separate channels for the perception of form, color, movement,
and depth.J N e3
Maunsell,J. H. R. & Van Essen, D. C. (1983).Functionalpropertiesof
neurons in middle temporal visual area of the macaque monkey. I.
Selectivity for stimulus direction, speed, and orientation.J
N e1
Metha, A. B., Vingrys,A. J. & Badcock,D. R. (1994). Detection and
discrimination of moving stimuli: The effects of color, luminance,
and eccentricity. J O S A
1
Morgan, M. J. & Cleary, R. (1992). Effects of colour substitutions
upon motion detection in spatially random patterns. V
R 8
Morgan,M. J. & Ingle, G. (1994).What direction of motiondo we see
if luminance but not colour contrast is reversed during displace-
ment? Psychophysicalevidence for a single-colour input to motion
detection. V R 2
Movshon, J. A., Adelson, E. H., Gizzi, M. S. & Newsome, W. T.
(1985). The analysis of moving visual patterns. In S g
p r m (pp. 117–152). Vatican City:
PontificiaAcademia Scientiarum.
Mullen, K. T. & Baker, C. L. (1985). A motion aftereffect from an
isohrminancestimulus. V R 6
Mullen, K. T. & Boulton, J. C. (1992). Absence of smooth motion
perception in color vision. V R 4
Newsome, W. T. & Pare, E. B. (1988). A selective impairment of
motion perception followinglesions of the Middle Temporalvisual
area (MT). J N e2
Papathomas, T. V., Gorea, A. & Julesz, B. (1991). Two carriers for
motion perception: Color and luminance. V R
1
Pylyshyn,Z. W. & Storm,R. (1988).Trackingof multiple independent
targets: Evidencefor a parallel tracking mechanism.S V
1
Ramachandran,V. S.& Gregory,R. L. (1978).Doescolourprovidean
input to humanmotion perception?Nature, 275, 55–56.
Rasmjou, S. & Hoffmann, K. (1994). Psychophysical evidence of
differential latencies of colour inputs to motion perception. V
R 2
Rodman, H. R. & Afbright, T. D. (1989). Single-unit analysis of
pattern-motion selective properties in the middle temporal area
(MT). E B R 7
Salzman, C. D., Britten, K. H. & Newsome, W. T. (1990). Cortical
microstimulation influences the perceptual judgments of motion
direction.N 3 1
Stoner, G. R. & Albright, T. D. (1994). Visual motion integration. In
Smith,A. T. & Snowden,R. J. (Eds), V d m (pp.
253–290).New York: Academic Press.
Stromeyer,C. F., Kronauer,R. E., Ryu,A., Chaparro,A. & Eskew, R.
T. (1995). The most sensitive motion detectors in humans are
spectrally opponent. O V S Suppl.,
240.
Stuart, G. W., Edwards, M. & Cook, M. L. (1992). Colour inputs to
random-dotstereopsis.P 7
Thibos, L. N., Bradley, A., Still, D. L., Zhang, X. & Howarth, P. A.
(1990). Theory and measurement of ocular chromatic aberration.
V R 3
Tootell, R. B.H. & Born, R. T. (1990).Patches and direction columns
in primate area MT. I O V
S ( 2
Treisman, A. (1988). Features & objects: The fourteenth Bartlett
Memorial lecture. Q J E P
4 2
Ueno, T., Pokomy, J. & Smith, V. C. (1985). Reaction times to
chromatic stimuli. V R 1
Williams, D. W. & Sekuler, R. (1984). Coherent global motion
percepts from stochastic local motions. V R 2
2
Wilson, H. R. (1994).Models of two-dimensionalmotion perception.
In Smith, A. T. & Snowden,R. J. (Eds), V d m
( 2 New York: Academic Press.
Wyszecki, G. & Stiles, W. S. (1982). C s C
m q d f York: John Wiley &
Sons.
A cwould like to thank Patrick Cavanaghfor his
commentson an earlier draft of this paper. Mark Edwardswas funded,
in part, by an Australian PostgraduateResearch Award.
